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Abstract

In this study, we evaluated the suitability of six common organic solvents for gas chromatographic (GC) analysis of pesticides. Three
of these, acetone, acetonitrile (MeCN) and ethyl acetate (EtAc), represent extraction solvents commonly used in multiresidue methods for
determination of pesticides in produce. The other three, isooctane, hexane and toluene, often serve as exchange solvents before a GC analysi
An ideal solvent for GC analysis of multiclass pesticide residues should be compatible with: the analytes, sample preparation, and GC analysis.
This study addresses each aspect with emphasis placed on stability of selected pesticides in the given solvents. In this respect, the exchang
solvents proved to be superior to the more polar extraction solvents. Degradatibtrioalomethylthio fungicides (e.g., captan, folpet,
dichlofluanid) in MeCN was observed only in certain lots of the tested MeCN, but even if it occurred, the stability of these analytes as well as
that of dicofol and chlorothalonil was dramatically improved by the addition of 0.1% (v/v) acetic acid. Dicofol and chlorothalonil were also
unstable in acetone, and pesticides with a thioether group (e.g., fenthion, disulfoton) degraded in the tested EtAc. Formation of isomers of
certain pyrethroids (deltamethrik;cyhalothrin) was recorded in the chromatograms from MeCN and acetone solutions, but this effect more
likely occurred during the GC injection than in solution. For several reasons, MeCN was found to be the most suitable solvent for extraction
of a wide polarity range of pesticide residues from produce. After acidification, the stability of problematic pesticides in MeCN is acceptable,
and MeCN can also serve as a medium for GC injection; therefore solvent exchange is generally not required before GC analysis. If sensitivity
is an issue in splitless injection, then toluene was demonstrated to be the best exchange solvent due to its miscibility with MeCN and stronger
responses of relatively more polar pesticides (e.g., acephate, methamidophos) as compared to hexane and isooctane.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction be used in the extraction and/or clean-up step to avoid sol-
vent exchange, and physicochemical properties of the sol-
An ideal solvent for gas chromatographic (GC) analysis vent should permit an optimal GC analysis of a diverse range
of multiclass pesticide residues should be compatible with: of pesticide residues. With respect to the GC analysis, an
(i) the analytes, (ii) sample preparation and (iii) GC mul- ideal solvent should allow optimum sample introduction and
tiresidue analysis. Basically, these three requirements meamot adversely affect separation and detection of the analytes.
that all analytes of interest should be sufficiently soluble Optimum sample introduction means highly sensitive, re-
and stable in the given solvent, the same solvent shouldproducible and fast, resulting in narrow initial band widths
and symmetric peaks. Other important attributes of an ideal
solvent include: low toxicity, flammability, environmental
* Mention of brand or firm name does not constitute an endorsement hazard, and cost.
by the U_S Department of Agriculture above others of a similar nature Factors involved in selecting the extraction solvent(s)
not "ézr::'eosnpeodn'dmg aUthor. Teks 1-215-233-6433: have been discussed in detail in a study describing develop-
fax: +1-215-233-6642. ment of a new sample preparation method for the analysis
E-mail address: slehotay@errc.ars.usda.gov (S.J. Lehotay). of pesticide residues in produce, called by the authors
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“QUEChERS”, which stands for quick, easy, cheap, effec-
tive, rugged, and safé]. The main aspects to be considered
for extraction include: (i) compatibility with the analytes

(extraction efficiency for the desired range of analyte polar-

ities and stability of analytes during the sample preparation

and storage of the final extracts); (ii) selectivity (ability to
avoid potentially interfering matrix components in the final
extract); (iii) ability to separate from water (miscibility with
water or possibility to induce partitioning using additives);
(iv) compatibility with techniques used in the clean-up
and/or determinative step; (v) volatility if evaporation of the
extract is desired; (vi) safety for the laboratory personnel
and the environment; and (vii) cost.
Acetonitrile (MeCN) [1-4], acetone[5-8] and ethyl

acetate (EtAc)[8-11] are three extraction solvents most
commonly used in multiresidue methods (MRMs) for the

determination of pesticide residues in produce. Moreover,
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2. Experimental

2.1. Chemicals and materials

Pesticide reference standards, all 95% or higher purity,
were obtained from the National Pesticide Standard Repos-
itory of the US Environmental Protection Agency (Fort
Meade, MD, USA), Dr. Ehrenstorfer GmbH (Augsburg,
Germany), Ultra Scientific (North Kingstown, RI, USA), and
Chemservice (West Chester, PA, USA). Composite stock
standard solutions (50g/mL) of 31 pesticides (acephate,
azinphos-methyl, captan, carbaryl, chlorothalonil, chlor-
pyrifos, coumaphos, cyprodinil, deltamethrin, diazinon,
dichlofluanid, dichlorvos, dicofol, dimethoate, endosulfan
sulfate, fenthion, folpet, imazalil, iprodione, lindane, meta-
laxyl, methamidophos, methiocarb, mevinphos, omethoate,
permethrins, pirimiphos-methyl,o-phenylphenol, phos-

they often serve as elution solvents in solid phase extractionalone, thiabendazole and vinclozolin) were prepared in
(SPE) of pesticides from water samples and during clean-upMeCN and toluene. For further investigation of the sta-

steps. If these solvents are involved in post-extraction sam-

ple clean-up (alone or in a mixture with other solvents),
or if no clean-up is performed, they also constitute the
medium in which the final extract is dissolved. Ideally,

bility of N-trihalomethylthio pesticides in different lots of
MeCN, captafol and tolylfluanid were added (at&/mL)

to the composite stock standard solution of 31 pesticides in
toluene that was used for spiking purposes. For the stabil-

no solvent exchange and/or concentration step is necesity study of pesticides with a thioether group, ajimL
sary and final extracts are injected as they are, preferablycomposite standard solution of seven pesticides (disulfoton,

using a large volume injection (LVI) technique to com-

fenamiphos, fenthion, methiocarb, phorate, terbufos and an

pensate for a lower analyte concentration. Due to addedinternal standard diazinon) was prepared in toluene.

expense and complications of LVI, however, many meth-

Acetone, MeCN (lots A—H), EtAc, hexane, isooctane, and

ods employ solvent exchange before GC analysis; toluene,toluene were high purity grade solvents for pesticide residue
isooctane, and hexane being the most popular exchangeanalysis from Burdick & Jackson (Muskegon, MI, USA),

solvents.

With respect to pesticide stability in organic solvents,
Nemoto et al[12] investigated stability of 89 pesticides in
methanol (MeOH), ethanol (EtOH), 2-propanol, EtAc, hex-

and EtOH was obtained from Merck (Darmstadt, Germany).
For comparison purposes, MeCN (lots |-L) was also ob-
tained from Fisher Scientific (Fair Lawn, NJ, USA). Glacial

acetic acid (HAc) was HPLC grade from Fisher Scientific.

ane and acetone for 6 h at room temperature in dark vials.Anhydrous MgSQ@ and NaCl were obtained from Aldrich

Dicofol degraded rapidly in acetone. All other tested pesti-

(Milwaukee, WI, USA) and PSA (primary secondary amine)

cides were stable in the given solvents with the exception of sorbent was from Varian (Harbor City, CA, USA). The
captan, phosmet, and chinomethionat in MeOH and captafolMgSOs was heated for 5h at 50C in a muffle furnace

in MeOH and EtOH. Other authof$3,14] observed degra-

to remove phthalates. Zucchini, tomato and grape samples

dation of certain organophosphorus pesticides stored for awere purchased in local organic food stores.

longer period of time (4-8 weeks) in EtAc solutions at ele-
vated temperatures (40 or 60).

Matrix extracts were prepared by the QUEChERS method
[1], according to which 10 g of a homogenized sample were

In this study, we evaluated 6 organic solvents commonly extracted with 10 ml of MeCN in a 40 ml fluorinated ethy-
featured in either sample preparation (MeCN, acetone, andlene propylene (FEP) centrifuge tube for 1 min using a vor-
EtAc) or solvent exchange (toluene, isooctane, and hexane)tex mixer. Then, 4 g anhydrous Mgg@nd 1g NaCl were
in pesticide multiresidue analysis. Our aim was to answer added, and the tube was vortexed immediately for 1 min and
key questions such as: What is the most suitable solvent forthen centrifuged for:3 min at 5000 rpm. For spiking of the
sample introduction in GC analysis of pesticide residues? extract at 0.5ug/mL, 10pL of the 50p.g/mL solution of the
What solvent(s) should be avoided and why? Is it necessary31 pesticides in MeCN were added to a $d0aliquot of the

to perform solvent exchange after extraction and, if yes, upperlayer. For the dispersive-SPE clean-up, a 1.6 ml aliquot
what is the best exchange solvent? The presented discussioff the upper layer was transferred into a 2 ml centrifuge vial
covers the most important aspects of the issues related tocontaining 40mg PSA sorbent and 240 mg MgS@fter

the compatibility of the tested solvents with the analytes, vortexing for 30 s and centrifuging fer1 min at 5000 rpm, a
sample preparation step and the GC analysis, with emphasi90uL aliquot of the extract after PSA clean-up was spiked
placed on the stability of the selected types of pesticides in at 0.5ug/mL in the same way as the extract without under-
the investigated solvents. going clean-up.
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2.2. Sability study experiments 2.3. GC-MS conditions

For the stability study experiments, test solutions of the  Most of the analyses were conducted with a Hewlett-
31 pesticides were prepared in the investigated solvents atPackard (Agilent, Little Falls, DE, USA) Model 5890 Series
0.5ug/mL using the composite stock solutions in MeCN |l Plus GC coupled to a 5972 mass-selective detector. The
(Experiment 1) or toluene (Experiments 2 and 3). The 31 system was equipped with a split/splitless injection in-
pesticides were chosen carefully based on their diverse prop-et, electronic pressure control, and a 7673A autosampler;
erties (e.qg. volatility, thermolability, polarity, pH sensitivity) Chemstation software was used for instrument control and
and quality of their GC analysis, including those prone to data analysis. Samples were injected into a double taper
degradation and/or adsorption in the GC system and alsoliner with internal volume of 80Q.L (No. 5181-3315, Ag-
non-problematic pesticides for comparison/normalization ilent). The chromatographic conditions were: a Rtx-5ms
purposes. column (Restek, Bellefonte, PA, USA) or a DB-5ms col-

The solutions were injected immediately after spiking umn (Agilent) capillary column of 30mx 0.25mm i.d.,

(t = 0h) and stored in different conditions: in dark and 0.25um film thickness, He constant flow of 1 mL/min, inlet
clear vials at room temperature and in dark vials in the re- temperaturey,; = 250°C, injection volume LL (splitless),
frigerator ¢+2°C) and freezer{22°C). The solutions were ~ MS transfer line temperature 29G, temperature program:
analyzed by GC—mass spectrometry (MS) in regular inter- initial temperature t() held for 1.5min, then a 28C/min

vals with the following injection order of the tested sol- ramp to 180C followed by a 3C/min ramp to 230C and
vents: (1) toluene—Tol”; (2) isooctane—"Is0”; (3) MeCN; a 25°C/min ramp to 290C (held for 10 min).Table 1gives

(4) acidified MeCN (0.1% HAc, viv)—‘MeCN/HAc"; (5) optimumt; for analysis of the 31 pesticides using the six
EtAc; (6) acetone—"Ace”; (7) acidified acetone (0.1% HAc, tested organic solvents along with some other parameters
viv)—"Ace/HAc"; and (8) hexane—“Hex". Thus, the se- and solvent properties. The quadrupole was operated in
lected pesticides were injected periodically in different sol- selected ion monitoring (SIM) mode detecting two to three
vents in one sequence in order to eliminate the potential in- ions for each analyte (s¢&8] for chosen ions and retention
fluence of different GC system conditions on the results. In times). When a mixture of 31 pesticides was analyzed, re-
the figures and throughout the discussion, the pesticide stasponses (peak areas) of all analytes were normalized to the
bility is mostly expressed as a pesticide residue (in %) pro- average peak areas of stable pesticides diazimén179),
viding information about how much of the tested pesticide pirimiphos-methyl (vVz 290) and chlorpyrifosrtVz 197). In

was detected at the given time versus O h. the case of pesticides with a thioether group, diazimofz (

The stability of the pesticides with a thioether group 179) served as an internal standard (IS) for the peak area
was monitored in the above-mentioned solvents and alsonormalization.
in EtOH and EtAc with addition of EtOH (0.1 and 1%, The analyses of zucchini, tomato and grape extracts were
v/v) or HAc (0.1%, v/v). For further investigation of the performed using a Saturn 2000 (Varian, Walnut Creek, CA,
potential degradation ofN-trihalomethylthio fungicides  USA) GC-MS instrument equipped with a Model 3800 gas
(captafol, captan, folpet, dichlofluanid, and tolylfluanid) in chromatograph, a Model 1079 temperature programmable
MeCN, eight different MeCN lots (E-H from one MeCN inlet and a CombiPal autosampler (CTC Analytics, Switzer-
manufacturer and lots I-L from another one) were spiked at land). Samples were injected into a 3.4 mm i.d. deactivated
0.5pg/mL using the composite stock standard solution of liner packed with a 7 mm piece of Carbofrit (Restek). The
31 pesticides in toluene (fortified with captafol and tolylflu- GC-MS conditions were: a DB-5ms column (Agilent)
anid) and the prepared solutions were repeatedly analyzedcapillary column of 30mx 0.25mm i.d., 0.2%um film

in one GC sequence. thickness connected to a 3m 0.25mm i.d. deactivated
Table 1

Properties of the tested solverji—17]

Solvent Mr (g/mol) p (g/mL) bp (C) pv (kPa) ti (°C) pi (psi) Vvapor (kL) Vinj(max) (L) P
MeCN 41 0.78 82 9.6 80 9.4 499 1.2 6.2
Acetone 58 0.79 56 24.6 60 8.2 375 1.6 5.4
EtAc 88 0.90 77 9.7 70 8.8 275 2.1 4.3
Hexane 86 0.66 69 16.3 50 7.7 215 2.7 0.0
Toluene 92 0.87 111 2.9 95 10.3 238 25 2.3
Isooctane 114 0.69 99 51 80 9.4 159 3.7 -04

M;: molecular massp: solvent (liquid) density (at 20C, pam); bp: boiling point (atpam); p»: vapor pressure (at 2@); t;: initial oven temperature
determined for the analysis of the 31 pesticidas;column head pressure &t helium flow rate 1 mL/min, vacuum outlet operation, using a 3&m
0.25mm i.d. columnMyapor: Vapor volume generated bypl injection (Viyj = 1 L) of the given solvent ap; and injection temperaturg, = 250°C;
calculated from the following equatioriZapor = 22.4 x 103()0/Mr)[(linj + 273/273][patm/ (pi + Pa)lVinj, Where pam = 14.7 psi (101kPa) angy is
ambient pressure, usually taken @gm, Vinj(max): maximum safe injection volume for the 8@D liner used atp; and #ipj = 250°C, i.e. injection
volume that generates 6QQ of vapors (75% of the liner volume)l’: polarity index.
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retention gap; MS transfer line temperature 280MS ion tonitrile are suitable for various SPE clean-up applications,
trap temperature 20@; MS manifold temperature 5C; which is generally preferred over solvent-consuming GPC.
data acquisition in full scan modenfz 70—420); injection For example, dispersive-SPE clean-up used in the QUECh-
volume 5ulL; inlet temperature: 50C held for 0.15 min, ERS method1] for removing of co-extractives from MeCN
then a 200C/min ramp to 280C (held till the end of the  extracts makes the clean-up step relatively fast, inexpen-
analysis); split vent open for the initial 0.15min (split ratio sive, and convenient. An additional important advantage of
50:1), then closed for 2.85min and then open again (split MeCN versus EtAc and acetone is its compatibility with
ratio 50:1 for 7 min, then 15:1 for the rest of the analy- reversed-phase liquid chromatography (LC), which offers a
sis); temperature program: 3G held for 3min, then a  possibility to analyze both GC- and LC-amenable analytes
25°C/min ramp to 180C followed by a 5C/min ramp to in the same extract.
230°C and a 25C/min ramp to 290C (held for 10 min); Acetone has a lower boiling point than both EtAc and
and pressure was programmed to provide a 40 psi pressurdMeCN (56°C versus 77 and 8& at paim, respectively)
pulse (1 psi= 689476 Pa) during the splitless period and a and its volatility at room temperature is also significantly
constant He flow of 1.2 mL/min for the rest of the GC run. higher (vapor pressure of 24.6 kPa versus 9.7 and 9.6 kPa at
20°C, respectively]16]. In some respects, a higher solvent
volatility represents a disadvantage in the extraction process

3. Results and discussion because increased evaporation during sample handling may
lead to changes in the extract volume and to a higher ex-

3.1. Suitability of organic solvents for sample preparation posure of the analyst to the solvent vapors. However, if a

in pesticide multiresidue analysis solvent exchange and/or extract concentration is performed

prior to the GC analysis, a higher volatility becomes ad-

The main aspects that should be considered in the se-vantageous (but it is still preferable to avoid these steps if
lection of an extraction solvent have been mentioned in possible).
Introduction. MeCN, acetone and EtAc are three extrac- Tosummarize, the three extraction solvents can be ordered
tion solvents most commonly used for isolation of multiple according to their suitability for sample preparation in anal-
pesticide residues from produce and each of them hasysis of pesticide residues in produce as follows: Me&GN
been demonstrated to give acceptably high recoveries of aEtAc > acetone. In terms of cost, MeCN is approx. 1.4
wide range of pesticided—11]. In contrast to MeCN and  and 1.7 times more expensive than a similar grade EtAc
acetone, EtAc is practically immiscible with water (only and acetone, respectively. MeCN is also more toxic, but its
7.94%, wiw, of water is soluble in EtAc at 2C [15]) negative impact on human health and the environment is
which can easily be removed from EtAc extracts by a dry- much lower than in the case of chlorinated solvents (such
ing agent (usually anhydrous pBOy). To induce a distinct  as dichloromethane), which are still used in routine prac-
separation from the water phase, acetone needs an additiotice. According to the US Environmental Protection Agency
of a non-polar solvent, which leads to dilution and possibly (EPA), MeCN is not classified as a human carcinogen and
to lower recoveries of more polar analytes. In the case of is not persistent in the environment. Moreover, the lower
MeCN, the use of a proper combination of salts (such as volatility of MeCN reduces analyst exposure, which can be
anhydrous MgS® and NaCl in the QUEChERS method further minimized by following proper handling procedures
[1]) can provide a well-defined phase separation without [1].
dilution and high recoveries including rather polar pesti-
cides. Moreover, anhydrous Mgg@moves residual water  3.2. Pesticide stability in common organic solvents
remaining in organic phase after the partitioning step more
efficiently from MeCN than acetorj@9,20]. Also, a simple The QUEChERS method takes advantage of several fea-
experiment showed that MgQQJs practically insoluble in  tures of MeCN to provide a rather selective isolation of
MeCN, whereas about 13 mg of Mg@@an be dissolved in  pesticide residues over a wide polarity range. However,
1ml of acetone at room temperature. This is an important during the further optimization of this method, we encoun-
consideration because salts must be avoided in GC analysistered a decreased stability of certain pesticides (dicofol,

In terms of extraction selectivity, MeCN isolates much chlorothalonil, captan, folpet, and dichlofluanid) in a stan-
less lipophilic compounds from samples in comparison with dard mixture prepared in MeCN. Generally, the compounds
acetone and EtAc (amount of lipophilic co-extractives de- that were unstable in the tested MeCN are prone to degra-
creases in the order: EtAe acetone> MeCN [19]). EtAc dation under basic conditiofi2l]. Therefore, we attempted
is more effective in avoiding sugar co-extractives, mainly to stabilize them by adding HAc to the standard solutions.
comparing to acetone (amount of sugar co-extractives de- Fig. 1shows the stability of dicofol, chlorothalonil, cap-
creases inthe order: acetoreMeCN > EtAc). With regard tan, folpet, and dichlofluanid after addition of 0, 0.001, 0.01,
to clean-up, EtAc is more compatible with gel permeation 0.02, 0.05 and 0.1% (v/v) HAc to a Qu®/mL solution of 31
chromatographic (GPC) methods for removal of some larger selected pesticides in MeCN that were placed in dark vials
lipophilic and pigment molecules. Acetone and mainly ace- in the GC autosampler tray for 24 h (a period for which a
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recorded in the chromatograms from MeCN and acetone
solutions (se&ection 3.2.4or further details).

=
o
o

g 80 e No significant pesticide concentration decreases were en-
§ “." //5 . . et countered in toluene, isooctane, or hexane, even when the
@ 60 L e S— solutions were kept for 5 days in the GC autosampler tray
é // oo —¥—folpet in dark or clear vials. Therefore, toluene instead of MeCN
S A0 ff - - & -dichlofluanid — was used for the preparation of the spiking solution in Ex-
§ ( Y —a—captan periments 2 and 3 (toluene was preferred over isooctane and

N
o

hexane because of its good miscibility with the other tested
solvents). These experiments confirmed the results from
00l 002 003 004 005 006 007 008 009 01 Experiment 1 with the exception of captan, folpet, dichloflu-
anid, and chlorothalonil, which were stable in MeCN solu-
tions even after 5 days in the GC autosampler tray in dark
Fi9615- St/abﬂity O'LI Cfgtl)\lm;r?l%il. fg:]pe(;. gii]/mﬂufmﬁ :aptaf:jankd qu|0f0| vials (chlorothalonil degraded in clear vials as discussed in
t O. mL In e (0] Wi —0.1% (V/iV n K vi H H H H
;Iaceduign the GC autosampler tray for 24 h (goegbnal‘;/te no?malizaétsi Section 322 These pontradlctory fmdl.ngs led us to fur_.
response in the respective solution at time Oh). ther experlmen_ts, which hel_ped as_spmate the degradation
problem of N-trihalomethylthio pesticides (captan, folpet,
captafol, dichlofluanid and tolylfluanid) and chlorothalonil
sample is typically placed in a GC autosampler tray when a with particular lots of MeCN (se&ection 3.2.1for a de-
sequence of samples is being analyzed in practice). When ndailed discussion). Also, we further investigated the stability
HAc was added to the tested MeCN, dicofol, captan, folpet, issues of fenthion and some other pesticides with a thioether
and dichlofluanid were not detected in the solutions ana- group in EtAc as described fBection 3.2.3
lyzed after 24 h and chlorothalonil concentration decreased
by 30%. AsFig. 1 indicates, 0.1% HAc was necessary to 3.2.1. N-Trihalomethylthio fungicides
stabilize dicofol in the tested MeCN for 24 h and 0.05% ap-  The group ofN-trihalomethylthio fungicides consists of
peared to be sufficient for the other four pesticides. The ad- dichlofluanid, tolylfluanid, folpet, captan and structurally
dition of HAc did not negatively affect the stability of the similar captafolFig. 2gives the structures of these pesticides
other 26 pesticides. Also, we did not observe deterioration and also outlines the formation of their main degradation
of the GC system performance that could be associated withproducts I',N’-dimethyl-N-phenylsulfonyldiamide from di-
long-term injections of MeCN containing 0.1% HAc. chlofluanid; N’,N’-dimethylN-p-tolylsulfonyldiamide from
In order to compare the stabilities of the selected pes- tolylfluanid; phthalimide from folpet; and 1,2,3,6- tetrahy-
ticides in different solvents, we performed experiments as drophthalimide from captan and captafol). The degradation
described inSection 2.2 The results of the first experi- (loss of the —SCX moiety) is rather rapid in the presence
ment (Experiment 1) agreed with the previous observations of basic compoundf21,22] and can occur not only in the
for dicofol, chlorothalonil, captan, folpet, and dichloflu- environment and living organisms, but also during sample
anid in MeCN and acidified MeCN. Other pesticides that processing and analysis. It should be noted that the degra-
gave >15% decrease in normalized responses after 24 h irdation products are not included in the definitions of the
dark vials in the GC autosampler tray were dicofol and corresponding pesticide residuf3], thus analyte losses
chlorothalonil in acetone and fenthion in EtAc. In the case during sample handling and analysis should be eliminated
of deltamethrin, the formation of its diastereoisomer was and/or minimized using appropriate procedures, such as

- #- -dicofol

o

[ .
»
0

% of HAc in MeCN

o) o) 0
cl a cl
N—S—écl N—54€<cI N—s—éa
cl cl cl
© captan ©  captafol ©  folpet
Q. 0 o 0
\Y; N/
« ~ /S\N/S F ~ /S\N/S F
\u—s—éx ; \NH c ¢ | c ¢
/ X /
dichlofluanid tolylfluanid

Fig. 2. Structures oN-trihalomethylthio fungicides and the scheme of formation of their main degradation products.
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comminution of samples at low temperatures (cryogenic (A)0
milling) [24,25] 807
The GC analysis dfl-trihalomethylthio pesticides itself is 80
rather problematic because the degradation may occur bottg 70
in the injection port and on the column. The extent depends § so
on the injection and GC system conditions, mainly on the £ so
injection temperature and speed, sample composition, ancg 4o
degree of the GC system contaminati@®,27] Thus in £ 30
practice, the samples and calibration standards should be 2o
analyzed under as similar conditions as possible. This was 1o
also essential in our solvent evaluation studies; therefore, ¥
the tested solutions were always injected on a rotating basis
in one GC sequence as describedirction 2
As already discussed, captan, folpet and dichlofluanid (B)1o0
gave stable responses when injected in all tested solvents 90—
except for MeCN in our preliminary experiments and in Ex- 80—
periment 1 (MeCN lots A and B). The observed degradation =
in MeCN lot A was relatively fast, resulting in undetectable ]
amounts of these analytes@.005p.g/mL) in solutions orig- —]
inally spiked at 0.5wg/mL after 24 h spent at room tempera- a0t
ture. In the case of lot B, 13 and 6% of the initial folpet and 30+
L1
i

| folpet
\_captafol

| captan
tolylfluanid
@ | dichlofluanid

|

~
1-E 1-F 1-G 1-H 2-1 2-J 2-K 2-L

MeCN manufacturer 1 MeCN manufacturer 2

70

60

50

lative pesticide residue (%)

folpet

, captafol

5\ captan

"‘. tolylfluanid

\ dichlofluanid

captan concentrations, respectively, were determined afte
24 h, whereas no dichlofluanid was detected (after 4 h, folpet, 1,
captan and dichlofluanid concentrations decreased to 35, /& - . -
26 and 4%, respectively). Acidifying the tested MeCN with e TR 6 H 2
0.1% HAc helped stabilized these analytes and no degrada- MeCN manufacturer 1 MeCN manufacturer 2
tion was observed even after 5 days at room temperature. In-Fig. 3. Stability ofN-trihalomethylthio fungicides in 0.sg/mL solutions
terestingly, no degradation of the test&drihalomethylthio prepared in MeCN from eight different lots (lots E-H from manufactu_rer
compounds also occurred when the solutions were pre-l and Ic_)ts I-L from manufacturer 2) and stored: (A) for 2_4h in dark vials

. placed in the GC autosampler tray (10&8%@nalyte normalized response
pared in MeCN lots C and D from the same manufacturer in the respective MeCN solution at time= 0h) and (B) for 5 days in
and monitored for 5 days at room temperature (in Experi- dark vials in the freezer (100% analyte normalized response in MeCN
ments 2 and 3). We performed additional experiments with lot E stored for 5 days in the freezen,= 2.
eight other MeCN lots from two different manufacturers
and found that the use of some MeCN lots led to faster
degradation rates oN-trihalomethylthio fungicides than the initial dichlofluanid and tolylfluanid content after 24 h,
others. respectively.

Fig. 3A shows the stability of all five pesticides from this In terms of the variable stability of the monitored pesti-
group (tolylfluanid and captafol were also monitored this cides in the tested MeCN lots, similar degradation trends
time) in 0.5ug/mL solutions prepared in MeCN lots E-H were observed when the solutions were stored in the freezer
from manufacturer 1 and in lots I-L from manufacturer 2 as shown inFig. 3B (normalized to lot E results). The
and stored for 24 h in dark vials at room temperature (the lower temperature significantly reduced the degradation
lots were ordered according to the pesticide stability). Ex- rates (e.g. no degradation occurred in lot F&2°C over
cept for lot E, the monitored analytes degraded in MeCN 5 days).
from all other lots tested in this experiment. Lot E was  Generally,N-trihalomethylthio pesticides can be ordered
used in many other studies in our laboratory, in which no according to their susceptibility to potential degradation in
degradation of these fungicides was observed. In terms ofMeCN as follows: dichlofluanid- tolylfluanid > captanx
degradation rate, the fastest decrease of the analyte coneaptafol > folpet. The decreased stability of these ana-
centrations was recorded in MeCN from lot H, in which Iytes in particular MeCN lots is presumably caused by
dichlofluanid and tolylfluanid were not detected already a variable residual content of amines or some other ba-
after 30 min and the concentration of the other three an- sic compounds in these lots. No significant difference or
alytes dropped below 20% after 30 min, whereas only 7, trend were observed in pH values of MeCN-water (50:50,
4 and 3% of folpet, captan and captafol, respectively re- v/v) solutions. It should be also noted that manufacturer 2
mained after 24 h at room temperature. Under the sameincludes titratable acid and base tests in MeCN specifica-
conditions, the slowest degradation occurred in MeCN lot tions, but the “good” lots were obtained from manufacturer
I, resulting in ~50% decrease in the concentrations of 1, which does not perform these tests. We recommend
folpet, captan and, captafol and in a drop to 19 and 27% of acidifying the MeCN solutions preventively, even if the

= -
2-J 2-K 2-L
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discussed fungicides have been demonstrated to be stable N
in a particular lot of MeCN. Also, the original QUECh- 120 o —
ERS method has been modified to address this problem__ 4, O O —
and to further extend the range of analytes independent< o .- °
of the food matrix pH using a sodium acetate-HAc buffer 3 \@\
[28]. g 60 \\\\:i\%
. . 2 40 A

3.2.2. Dicofol and chlorothalonil ke

Dicofol and chiorothalonil count among the most chal- = 2° \:\1¥
lenging pesticides included in MRMs with GC as a deter- 0 ‘ : —N
minative step. Dicofol readily degrades to ‘4¢lichloro- 0 1 2 3 4 5
benzophenone when exposed to a higher pH, light or a Time (days)
higher temperatur§21], but only the parent compound is . 7 .
included in the pesticide residue definitif28]. It is known
to degrade in the GC systefit?], thus the same precautions g 120 Z S
as in the case oN-trihalomethylthio fungicides must be E 100 — ¢ —
taken. Addition of acid (e.g. orthophosphoric or acetic acid) 2 g, | —
at extraction with EtAc was reported to improve recoveries = \1‘
of dicofol from weakly acidic vegetable samples, such as S 60 \\\\e\
lettuce, and prevent degradation of this analyte in solutions £ 40 M ?
[24]. S 20

Unlike dicofol, chlorothalonil is thermally stable in 5 | K‘*
GC, but it is susceptible to tailing and matrix effects 0 1 2 3 4 5
[18,27] Losses of chlorothalonil were observed during Time (days)
sample processing of lettuce and oni¢24] and long-term _ _
storage of cabbage extracts in EtAt3]. Comminution :m:gm{'l’;if‘,;k‘”a' gmggm{'*cgzrc\f;f‘”a'
of lettuce samples in the presence of dry ice can pre- -4 Ace/HAc, dark vial —A-AcelHAC, clear vial
vent degradation of chlorothalonil, but this procedure is —#-Ace, dark vial —-Ace, clear vial

not effective with onions, in which case the presence of rig 4. stability of dicofol and chlorothalonil in Ogg/mL solutions
a strong acid (e.g. orthophosphoric added at 1-2 M) is prepared in MeCN (lots C and D) and acetone (both without and with
necessary to avoid chlorothalonil lossgsl]. Fungicidal 0.1% (v/v) HAc) and placed in dark and clear vials in the GC autosampler
activity of chlorothalonil is based on conjugation with tray (Experiment 2 and 3; = 2).
thiols [21], thus the high content of sulfur-containing
compounds in onions is most likely responsible for rapid 3.2.3. Pesticides with a thioether group
degradation during comminution and in the extracts in this  Pesticides containing a thioether (sulfide, —S—) group are
case. prone to oxidation. In the environment and living organ-
In this study, we observed degradation of dicofol and isms, they usually degrade to sulfoxides and sulfd24$
chlorothalonil in acetone and MeCN solutions. It should be (as shown irFig. 5), both of which possess insecticial prop-
noted that 4,4dichlorobenzophenone was recorded in the erties and therefore are included in the definition of the cor-
chromatograms from solutions of all tested solvents, but the responding pesticide resid{i23]. Thionophosphate 5)
concentration of dicofol was rapidly degreasing only in ace- sulfides may also be oxidized to biologically active oxons
tone and MeCN over the tested period of time. Dicofol was (P=0), thus their residue definitions include 6 compounds
unstable in all tested MeCN lots, whereas chlorothalonil (two sets of sulfides, sulfoxides and sulfones). Fenthion and
only in some of themFig. 4 shows stability of these pesti- methiocarb represent the group of pesticides with a thioether
cides in solutions prepared in acetone and MeCN from lots, group in our test mixture of 31 analytes, and other important
in which N-trihalomethylthio fungicides were stable. This pesticides of this nature include aldicarb, deme$amethyl,
figure compares the situation observed at room temperaturedisulfoton, ethiofencarb, fenamiphos, phorate, propaphos,
over the period of 5 days in dark versus clear vials and in sulprofos, temephos, terbufos, thiometon and vamidothion.
acidified versus non-acidified solutions. The following con- Fig. 5 gives structures of those compounds discussed and
clusions can be made: (i) clear vials should be avoided be-further investigated in this study.
cause their use generally resulted in faster degradation rates; In our experiments, methiocarb and fenthion were stable
(ii) acidification helped improve stability in both MeCN and in all tested solvents for 24 h in dark vials placed in the GC
acetone; and (iii) addition of 0.1% HAc to MeCN solu- autosampler tray, the only exception being fenthion in EtAc
tions could prevent degradation of dicofol in dark vials and (decreased te=20% of the initial fenthion concentration).
chlorothalonil in clear vials, but it was not sufficient in the Fig. 6A shows the stability of fenthion and methiocarb in the
case of the tested acetone. tested EtAc over the course of 3 days (solutions in dark vials
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I CH,
CH~CH;-S—CHy-CHzS—R  0—CH, $
demeton-S-methyl O—CH, CHs=S O*FiFOfCH3

R1—S—R2 O—CH,

T sulfide fenthion
CH;~CH;S—CH;~CH;-S—P—0—CH,
thiometon O—CH;,
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Fig. 5. The main degradation pathway of pesticides with a thioether (sulfide) group in the environment and living organisms together with dtructures o
the compounds investigated or discussed in this study.

placed in the GC autosampler tray). Methiocarb degraded
slowly (to 74% after 3 days), whereas a rapid degradation

120 (A) was observed in the case of fenthion (down to 3% after 3
< 100 . days). Moreover, fenthion content in EtAc also decreased
Tg’ rore el during the storage in the refrigerator and freezer, and after
° 80 . e aieiia 10 days, only 5 and 45% of the initial fenthion content
o \\ was found in the EtAc solutions stored at 2 ar@2°C,

5 60 ‘ » respectively. Stability of selected pesticides in EtAc was
2 0 \\ 7 Metiocaib e~ Fenion tested previously13,14], but none of these studies included
& \.\ pesticides with a thioether group.
20 In order to further investigate the stability of this group
\\'\-\.__‘\_\__‘_’_‘ of pesticides, a mixture of disulfoton, fenamiphos, fenthion,
0 ‘ ‘ \ \ \ \ \ methiocarb, phorate, terbufos and diazinon (an internal stan-
0 1020 30-“ m4eo (hoicis) 60 70 80 dard) was prepared in all tested organic solvents and also in
120 EtOH and EtAc with addition of EtOH (0.1 and 1%, v/v)
B) and HAc (0.1%, v/v) to determine the potential influence of
100 g0 EtAc hydrolysis products. All tested analytes were stable for
g \§k R e . at least 24 h in both dark and clear vials at room tempera-
3 80 ture in toluene, hexane, isooctane, MeCN (without and with
» \gt\\ - +--Methiocarb —#—Fenthion - X -Fenamiphos 0.1% HAc addition) and EtOH. Disulfoton degraded in ace-
S 60 ‘ tone, with a faster degradation rate observed in clear vials
p '
S 40 (decrease to 3% in 24 h) as compared to dark vials (to 28%).
2 Similarly, Hirahara et a[29] reported a relatively rapid pho-
3 20 tooxidation of disulfoton, aldicarb and ethiofencarb in ace-
o ; . .
tone solutions exposed to sunlight and a slower degradation
0 ‘ ‘ -

‘ ‘ ‘ ‘ in the case of fenthion, vamidothion and fensulfothion.
0 10 20 30 40 50 60 70 80 . . : .
Time (hours) Fig. 6B gives the results obtained in the tested EtAc. All
investigated pesticides with a thioether group degraded ex-
Fig. 6. St.ability of pesticid_es With a thic_)ether group in th.e. testgd EtAc: cept for methiocarb. No Significant difference was observed
(A) methiocarb and fenthion in the mixture of 31 pesticides in BIAC - panveen the degradation rates in dark and clear vials, and
(n = 2) and (B) disulfoton, fenamiphos, fenthion, methiocarb, phorate furth h dditi f EtOH d HAG had iqnifi
and terbufos in the mixture of these thioether pesticides in EtAe @); urt ?rmore' the adaition o t - ar.] ¢ had no S'Q”' -
both solutions were prepared at Q.§/mL and placed in dark vials in  cant influence on analyte stability. Disulfoton content in the

the GC autosampler tray. EtAc solution decreased very quickly and it was hardly de-
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tected after 12 h. In this experiment, the stability of fenthion foton degradation product along with its proposed structure
and methiocarb was slightly improved from before due to (CH3CH20),P(S)SCH-CH; corresponding tan/z 212 as a
the presence of other susceptible analytes acting as degradasrobable molecular ion. Thus, disulfoton, dememethyl
tion retardants (antioxidants) for each other. We confirmed and thiomethon (or their sulfoxides in GC) give analogical
the presence of fenthion and fenamiphos sulfoxides (rela- degradation products, which can be explained by a similar
tive retention timestg, of 1.27 and 1.17 versus the corre- structure of these pesticides containing a -€EH,— group
sponding parent compounds, respectively) in the degradedbound to the thioether group (sEg&. 5). Phorate and disul-
mixture (and in the degraded solutions of individual pesti- foton have almost identical structures, but phorate molecule
cides in EtAc) by the injection of the respective standards contains only one —C}+ group in the proximity of the
and GC-MS analysis in full scan mode, which also indi- thioether group, presumably accounting for the dissimilar
cated high probability of the presence of phorate sulfoxide behavior of these two compounds in our experiment.
(relativetr 1.33 versus phorate). In the case of methiocarb, the thioether group is probably
In the case of disulfoton, a degradation product peak ap- less accessible due to the steric constraints caused by two
peared with a shortag than the parent compound (relative methyl groups inortho positions on the benzene ring (see
tr 0.61 versus disulfoton) whereas the corresponding sulfox- Fig. 5), which can explain much lower susceptibility of me-
ide would have been expected to elute later than disulfoton. thiocarb to oxidative degradation as compared to other tested
Some authors, such as Hirahara et al. in their sf@éy; ac- pesticides with a thioether group. Nevertheless, as with other
tually label a similarly eluting peak as disulfoton sulfoxide carbamate pesticides, methiocarb is prone to thermodegrada-
but it is more likely its thermodegradation prod{@0]. The tion and a corresponding phenol formed by the break-down
GC analysis of some sulfoxides is rather difficult because of the labile carbamate group (presumably in the injection
they are prone to decomposition at elevated temperaturegport) was present in chromatograms of all tested solvents,
[30,31] Greenhalgh et a[31] reported thermodegradation however no gradual increase in its response was observed
of demetonS-methyl sulfoxide (oxydemeton-methyl) to a over time in the tested solutions.
compound characterized by a relatively short retention time  In the past, we also observed variability in recoveries of
in GC and a GC—electron impact ioniozation (El) MS spec- pesticides with a thioether group included in our studies (un-
trum with m/z 168 as a (potential) molecular ion to which published data anf83]) that employed EtAc for the extrac-
they attributed the structure (GB),P(O)SCH-CH,. Sim- tion and GPC clean-up. The GPC separation process was
ilarly, Satoh et al[32] observed degradation of thiometon presumably a critical point in terms of the degradation of
in EtAc to a compound eluting sooner than the parent these analytes due to their relatively long exposure to the
analyte and, based on a high-resolution GC-MS analysismobile phase containing EtAc. In this study, we did not test
giving m/z 183.9797 as the highest ion in the spectrum, different lots of EtAc as in the case of MeCN because we
they suggested that the most probable structure of thewere less interested in the performance of EtAc due to the
degradation product was (GB),P(S)SCHCH,. Fig. 7 use of MeCN in the QUEChERS method. We should also
shows the GC—-EI-MS spectrum we obtained for the disul- note that the degradation of sulfides in EtAc may depend
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Fig. 7. GC-EI-MS spectrum of a disulfoton degradation product along with its proposed structure.
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on several factors, such as solvent lot and age (presumably
related to the content of acetaldehy{®2]), and pesticide
mixture composition and concentration.

Generally, the degradation of sulfides to corresponding \l
sulfoxides (and sulfones) during sample preparation should ®) N //K(\ Deltamethrin

Deltamethrin isomer

not present a problem in compliance and enforcement ap-
plications because these degradation products are part of th

respective pesticide residue definitions and should be moni- /HE_<H/O
I oy
(o)

D
X

tored together with the parent compounds. However, in many °
instances, such as testing of newly developed analytical pro- B e ! \©
cedures (simplified validation studies) and/or screening of J L

potential pesticide residues, the target group of analytes of-| (B)
ten includes only parent compounds (application forms of
pesticides). Other problematic cases are studies in which 23.0 240 min

Fhe pestlcuje' form is !mportant ,(metabO“C studies, monitor- Fig. 9. Chromatograms of deltamethrinS{a-cyano-3-phenoxybenzyl

ing of pesticide fate in the environment, etc.) and thus an- (1R)-cis-3-(2,2-dibromovinyl)-2,2-dimethylcyclopropanecarboxylate]  in-
alyte degradation during sample preparation and analysis iSjected in the same MeCN g/mL solution (from the same vial): (A)

not acceptable. In any event, accurate quantitation becomesbefore and (B) after the GC system maintenance.

rather difficult or even impossible if degradation occurs in

standard (calibration) solutions.

A practical approach to analysis of pesticides with a diastereoisomers can be separated based on their differ-
thioether group for enforcement purposes is to quantita- ent physico-chemical properties using conventional GC
tively oxidize both sulfides and sulfoxides to corresponding columns. The application forms of cyfluthrin and cyper-
sulfones by potassium permanganate, 3-chloroperbenzoiamethrin usually comprise all four diastereoisomers, thus
acid or other strong oxidant after extraction of residues giving four peaks in a conventional GC analyf#$]. On
[30,34] This procedure can solve the potential degrada- the other hand, only one peak is expected in the case of
tion problems, provide an effective clean-up and generally N-cyhalothrin that consists of twds entantiomers: 9-a-,
simplify the analysis of this group of pesticides because it (1R)-ciss and R)-a-, (19-cis-isomers; and deltamethrin,
mostly leads to the conversion of all toxicologically im- which is a single enantiomer, the most effectiv®-d¢-,
portant residues into one analytical form. However, this (1R)-cisisomer (see the structure iRig. 9). During our
approach is unsuitable for multiclass pesticide residue anal-experiments, however, when deltamethrin was injected in
ysis because some other analytes will be destroyed usingMeCN or acetone, a second peak appeared with the same

such strong oxidation agents. MS spectrum (presumably a deltamethrin diastereoisomer),
eluting with a relativerr = 0.988 versus the original
3.2.4. «-Cyano substituted pyrethroids deltamethrin peak. An analogical effect was also observed

The a-cyano substituted pyrethroid pesticides with inthe case ol-cyhalothrin, with a relativér of the second
a cyclopropane ring, such as cyfluthrin, cypermethrin, peak being 0.992 at the same GC conditions.
\-cyhalothrin, and deltamethrin, contain three asymmetric  The extent of the conversion of deltamethrin to its isomer
carbon atoms (chiral centers) in their molecules (as shownwas rather variable. In some cases, the second peak was not
in Fig. 8 and, therefore, may potentially exist as eight detected at the beginning of the sequence and its concen-
stereoisomers, consisting of four diasterecisomeric pairstration increased over time (generally with a peak area ratio
of enantiomerg21]. Unlike enantiomers (mirror images), up to~30:70 for new versus original deltamethrin peaks).
This may suggest that the formation occurred in solutions,
but in other cases, the isomer was present even in the chro-
matograms of freshly prepared pesticide solutions, which in-
dicates that the conversion more likely occurred during the
. 0 GC injection process. We hypothesized that the formation
\© of the second deltamethrin peak depended on the activity of
R4 the GC system (usually increasing with the number of the
GC injections), and we proved this by injecting the same

gyrgth}fIO?d 18 lg g; RF4 MeCN solution containing deltamethrin before and imme-
ytluthrin . . .

Cypermethrin ad o oN H diately after GC system maintenance (the liner was replaced
Cyhalothrin cl  CF, CN H and the front part of the GC column cut; no MS tuning was
Deltamethrin Br Br CN H performed). AsFig. 9 shows, about a 20:80 peak ratio was
Permethrin Cl Cl H H

recorded prior to the system maintenance, whereas practi-
Fig. 8. Structures of selected synthetic pyrethroid pesticides. cally no isomer was detected in the “clean” system (also
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Deltamethrin Deltamethrin Unlike previous experiments, the ion trap GC-MS LVI with
isomer Carbofrit were used in this case as describe@éation 2
The tomato and grape extracts were more acidic than the
WComria ) zucchini extract due to the naturally high content of organic
sl acids, which are removed to a great extent by the PSA sor-
a0+ bent[1]. No isomer peak was observed in the spiked grape
A k std in MeCHN extract, and only a minute amount (5:95 peak ratio) was
P o recorded in the chromatogram of the same extract treated
HEm by PSA. Similarly, virtually no isomer appeared in the

sl o chromatogram of the tomato extract without PSA clean-up,

a0 f‘, zucchini however, ~38% of deltamethrin was converted into its

1 B1 no clean-up isomer in the case of the cleaned-up sample. The same
situation was also observed in the chromatograms of the

same samples analyzed after 24 h at room temperature. The
injection of deltamethrin in the less acidic zucchini extracts

MCounia

s00+

- ..
ol B2 ?‘éﬁ:ll’f:m " resulted in formation of the second peak with peak ratios
100 A LA i of 19:81 and 53:47 without and with PSA clean-up, respec-

] tively. The following conclusions from these experiments
soe] were made: (i) practically no conversion was observed when
oo tomato deltamethrin was injected in highly acidic matrices; and (ii)
anl no clean-up 'the PSA cl'ean—up removed components that suppressed the
‘oo . isomerization process.

Woounial In the cases of cyfluthrin and cypermethrin, the peak areas
so0- of all four diastereoisomers are usually summed for quanti-

Lo
200

mez  fi

tomato tation purpose$35], thus potential isomerization (a change
P34 clean-up of peak ratios) is not critical. We summed isomer peak ar-
eas for deltamethrin ans-cyhalothrin and achieved good

Woeuria linearity.
S00-4 The a-cyano substituted pyrethroids can be converted
00 . . . . . . .
s gtape to their diastereoisomers either by isomerization (racem-
=11 no clean-up ization) at thea-position or by cis-trans isomerization
o — (recombination on the cyclopropane ring), which is the
M main photodegradation pathway for deltamethrin exposed
o to ultraviolet or sunlight radiation{21,36] During our
a0 grape experiments, we did not observe changes in the ratio of
D2 P34 clean-up cis and trans isomers of permethrin (a pyrethroid with-
- e T _:-l,' out the cyano substituent oa-C, seeFig. 8), which

would suggest the former process resulting in the for-

Fig. 10. Chromatograms of deltamethrin and its isomer injected in: (A) mation of the R)-a-, (1R)-cis-isomer. However, we also

MeCN standard solution (0/8g/mL) and immediately after spiking (B)  cannot rule out thesis-trans isomerization (formation of

f;)cgf't';'é?A tg:;ﬁ’]pagf tf]z) Siﬁzecgﬁg:iféﬂgg :’;CZIO ut clean-up and trans-diastereoisomers), because permethrin undergoes the
cistrans isomerization less readily than deltamethrin (or
at least when irradiateB6]), and vapor pressure infor-

note the significant improvement in deltamethrin response). mation for cyfluthrin diasterecisomefg1] indicates that

After several injections, the situation returned to the one be- all three potentially formed deltamethrin akecyhalothrin

fore system maintenance, even though no matrix injections diastereoisomers should be more volatile than Bexf,

were made. (1R)-cis- and R)-a-, (19)-cis-enantiomers (corresponding

The acidification of both MeCN and acetone solutions to shortertg in GC), which is the case that we observed.

with HAc helped reduce (or sometimes eliminate) the for-

mation of the deltamethrin isomer. The protective effect 3.3. SQuitability of organic solvents for GC multiresidue

of acidic compounds (co-extractives) is demonstrated in analysis

Fig. 10 This figure shows chromatograms of deltamethrin

and its isomer recorded immediately after spiking blank  As outlined inSection 1 an ideal solvent serving as a

zucchini, tomato and grape extracts in MeCN, which were medium for the GC injection should allow optimum sam-

obtained by the QUEChERS sample preparation procedureple introduction and not adversely affect separation and de-

with and without the dispersive-SPE clean-up using PSA. tection of the analytes. Considering that pesticide residues
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are usually less volatile than the discussed solvents, di-to reduce the expansion volume (and analyte residence time
rect interferences in the GC separation and/or detection arein the injection port), thereby suppressing adsorption and/or
less likely to occur (although the sample introduction in degradation of susceptible analy{88,39].
MeCN in combination with a nitrogen-phosphorus detector  In LVI with a programmed temperature vaporizing (PTV)
may be problematic). Also, the use of bonded, cross-linked injector, it is desired to trap the solvent in the liner at ac-
stationary phases does not restrict the solvent choice, en-ceptable high temperatures (to avoid a need for excessive
abling injections in more polar solvents (even water) with- cooling), but more importantly, to be able to eliminate the
out the risk of the phase dama@&/]. Thus, the sample  majority of the solvent by venting without losing the most
introduction step becomes the main critical point in our volatile analytes. Therefore, the boiling point of the solvent
evaluation. should be sufficiently low and the suitability of the discussed
In splitless injection, solvent liquid-gas expansion (vapor) solvents for this kind of injection decreases in the following
volume dictates the maximum injection volume at any given order: acetone- hexane> EtAc > MeCN > isooctane>
set of conditions (temperature, pressure and liner volume).toluene (sedable J.
Therefore, the solvent expansion volume should be as small In non-splitting injection techniques, effective focusing is
as possible to allow high injection volumes without a risk of essential to minimize band broadening and peak distortion.
liner overflow, which provides high sensitivity without a po- In this respectt; plays an important role in both solvent and
tential for inlet contamination, sample discrimination and/or cold trapping mechanisms. In terms of the sample through-
a reduction of reproducibilityTable 1gives a comparison of  put,t; should be as high as possible to minimize cool-down
vapor volumes generated byl injections of the discussed times between the GC runs. In this study, we experimen-
solvents at the optimized conditions used for GC analysestally determined optimal for the analysis of the 31 selected
in this study. For the given conditions, this table also pro- pesticides (representing the volatility range of GC-amenable
vides maximum volumes of the solvents that can be safely pesticides from dichlorvos to deltamethrin) by monitoring
injected into the 80Q.L liner, with the values decreasing analyte peak heights and shapes in each tested solvent at
in the following order: isooctane- hexane> toluene > differentt; (all other conditions remained the samggble 1
EtAc > acetone> MeCN. The injection volumes can be lists the determined optimal values that decrease in the fol-
increased by applying a pressure pulse during the injectionlowing order: toluene> isooctane~ MeCN > EtAc >

Table 2
Average relative responses (106%¥mnormalized peak area in toluene) of stable analytes obtained during 24 h in Experimesat @ R S.D.s < 10%);
values>115% are in bold and values85% are also underlined

Pesticide m'z Relative normalized response vs. normalized response in toluene (%)

Tol Hex Iso EtAc Ace Ace/HAc MeCN MeCN/HAc
Methamidophos 141 100 56 51 129 121 129 101 129
Dichlorvos 185 100 98 87 100 103 104 96 98
Meviphos 192 100 106 89 106 107 110 99 106
Acephate 136 100 31 44 113 121 117 116 137
0-Phenylphenol 170 100 95 91 99 103 93 99 101
Omethoate 156 100 56 60 123 111 115 108 117
Dimethoate 87 100 97 87 104 104 103 94 105
Lindane 181 100 99 94 96 102 102 96 95
Diazinon 179 100 100 98 99 100 100 99 99
Vinclozolin 285 100 107 113 101 103 102 99 99
Carbaryl 144 100 95 103 112 105 120 100 118
Metalaxyl 206 100 104 104 102 102 104 99 102
Pirimiphos-methyl 290 100 101 103 101 99 99 101 101
Methiocarb 168 100 97 101 100 103 116 102 115
Dichlofluanid 224 100 102 98 98 101 100 92 96
Chlorpyrifos 197 100 99 100 100 100 101 100 99
Cyprodinil 224 100 104 103 103 101 101 102 101
Thiabendazole 201 100 69 77 105 100 103 107 108
Captan 149 100 108 95 96 91 96 88 92
Folpet 260 100 103 90 93 91 94 86 93
Imazalil 215 100 70 75 110 109 111 113 115
Endosulfan sulfate 272 100 107 99 101 102 106 102 102
Iprodione 316 100 101 104 103 97 104 105 102
Phosalone 367 100 101 103 101 95 102 102 98
Azinphos-methyl 132 100 95 100 95 86 94 96 94
Permethrins 183 100 104 131 99 95 101 111 98
Coumaphos 362 100 94 103 95 88 92 99 93
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acetone> hexane. Thus, the use of toluene can significantly prevent a potential carry-over of these analytes in all our ex-
increase the sample throughput in this case. periments, the syringe was rinsed four times with acetone

The above discussion indicates that the selection of anbetween the injections performed by the autosampler.
optimal solvent for the GC introduction depends on several  Slightly improved responses of carbaryl and methiocarb
factors, one of them being the employed GC injection tech- (carbamate pesticides susceptible to thermodegradation in
nigue. For instance, isooctane is superior to other discussedhe injection port) and certain other problematic pesticides in
solvents in terms of its small expansion volume, but it is not the presence of HAc (comparison of normalized responses
the best choice for a PTV injection with solvent venting. in acetone and MeCN solutions with and without HAcC in
Also, a higher injection volume (higher sensitivity) does not Table 2 may also be explained by a protecting effect of
necessary translate into lower detection limits in the analysis HAc, which can interact with the active sites in the injection
of real-world samples because co-extracted matrix compo- port and front part of the colunwia hydrogen bondingl8].
nents may represent the limiting source of ngi@].

Another important factor is the actual analyte response
obtained in different solvent§able 2gives normalized re- 4. Conclusions
sponses of stable pesticides in the tested solvents expressed
relatively versus the normalized responses in toluene. In this study, we evaluated the suitability of three extrac-
Significantly lower normalized responses of acephate, tion and three exchange solvents for GC analysis of multi-
methamidophos, omethoate, thiabendazole and imazalilclass pesticide residues with respect to comprehensive needs.
were obtained in hexane and isooctane compared to theltis preferable to avoid a solvent exchange step, thus MeCN,
other solvents. These relatively polar pesticides are notori- acetone, and EtAc have strong benefits in this regard. Among
ous for interactions with the active sites in the GC system the three extraction solvents, acetone is the least suitable for
resulting in their losses and peak tailif$8]; therefore, isolation of multiclass pesticide residues from produce sam-
they usually constitute the weakest links in multiresidue ples, and MeCN offers advantages in extraction selectivity
GC analysis. Although the solubility of these problematic and compatibility with more diverse analytical techniques
pesticides is lower in hexane and isooctane than in morecompared to EtAc. Selection of an optimal solvent for GC
polar solvents (se&able 1for polarity indexes), it should  analysis depends on several factors including the type of
not be an issue at Ogg/mL (e.g. solubility in hexane at  GC injection technique and the range of analytes. The ex-
20°Cis 0.1 g/L for acephate, 0.1-1 g/L for methamidophos, change solvents generally enable higher injection volumes
and 19 g/L for imazali[21]). in the splitless mode, but, due to the adsorption in the sy-

Even though solubility per se may not be the factor, the ringe, the injection of more polar pesticides in hexane and
solvent polarity still plays a significant role in the phe- isooctane resulted in lower relative responses of these ana-
nomenon documented ifable 2because adsorption of some lytes as compared to other solvents.
relatively polar pesticides in the syringe may occur when a In terms of stability of the tested pesticides, the ex-
less polar solvent is used as an injection med[ddi. To change solvents proved to be superior to the more polar
confirm this possibility, JuL of the mixture of 31 pesticides  extraction solventsTable 3summarizes the stability issues
(at 1ng/mL) was injected in hexane. Then, the syringe was identified in this study along with the possible sources of
flushed three times with hexane angllaliquot of acetone  the problems in the respective solvents. Degradation of
was drawn into the syringe and injected manually using air N-trihalomethylthio fungicides in MeCN was associated
gap injection technique. As a result of this injection, peaks only with certain lots of the tested MeCN, but even if it
representing the missing amounts (as compared to fitie 1 occurred, the stability of these analytes as well as of dicofol
injection of the mixture of 31 pesticides apgy/mL in ace- and chlorothalonil was dramatically improved by addition
tone) of methamidophos, acephate, omethoate, thiabendaef 0.1% HAc (v/v) to MeCN. Dicofol and chlorothalonil
zole, and imazalil were recorded in the chromatogram. To were also unstable in acetone, but the addition of 0.1% HAc

Table 3

Problematic pesticide-solvent combinations identified in the presented study

Pesticide(s) Solvent(s) Factor(s)

N-Trihalomethylthio pesticides (dichlofluanid, tolylfluanid, folpet, captan, and captafol) MeCN MeCN lot, pH

Dicofol Acetone, MeCN pH, light

Chlorothalonil Acetone pH, light
MeCN MeCN lot, pH, light

Pesticides with a thioether group (fenthion, phorate, disulfoton, etc.) EtAc Content of acetaldehyde?
Acetone Light

a-Cyano substituted pyrethroids (deltamethiir¢yhalothrin) Acetone, MeCN Activity of the GC system, pH
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did not sufficiently suppress degradation in this case. Pes-[11] D.M. Holstege, D.L. Scharberg, E.R. Tor, L.C. Hart, F.D. Galey, J.
ticides with a thioether group degraded in the tested EtAc goﬁlc '”i 778(1?rgﬁ)t12§3k Sasaki M. Tovoda. Bull. Natl Inct

as did disulfoton in acetone. Formation of deltamethrin and %! S At Soi. 115 (fggf)ugfs - =asad, M. Toyoda, Bull. Nat Inst.
\-cyhalothrin isomers was recc_)rded In thg chromatograms (13 v, kocourek, J. Hajglova, K. Holadova, J. Poustka, J. Chromatogr.
from MeCN and acetone solutions, but this was shown to A 800 (1998) 297.

occur during the GC injection process rather than in the [14] S.L. Reynolds, et al., Intercomparison Study of Two Multi-Residue
solutions. Methods for the Enforcement of EU MRLs for Pesticides in Fruit,

To conclude, MeCN is the most suitable solvent for ex- \é%gsti‘?gsfoagz GErai” (SMT4-CT95-2030), Phase I, Progress Report
. K . L. X , European Commission, Brussels, 1997.

traction of a wide polarity range of pesticide residues from [15] E.W. Washburn (Ed.), International Critical Tables of Numerical

produce. After acidification, the stability of problematic Data, Physics, Chemistry and Technology, first electronic ed., Knovel,

pesticides in MeCN is acceptable, and MeCN can also Norwich, New York, 2003.

serve as an adequate medium for the GC injection, there-[16] C.L. Yaws (Ed.), Chemical Properties Handbook, McGraw-Hill, New

- . . . York, 1999.
fore solvent exchange is necessarily not required prior to [17] LR. Snyder, J. Chromatogr. 92 (1974) 223,

GC analysis. IT S?nSitiVity is an issue in spIitIess injeCtionv [18] M. Anastassiades, K. Mastovska, S.J. Lehotay, J. Chromatogr. A
then toluene is judged to be the best exchange solvent 1015 (2003) 163.

due to its miscibility with MeCN and good responses of [19] S.J. Lehotay, A.R. Lightfield, J.A. Harman-Fetcho, D.A. Donoghue,
troublesome pesticides. In addition to these factors, ex- J- Agric. Food Chem. 49 (2001) 4589.

- . - . . [20] F.J. Schenck, P. Callery, P.M. Gannett, J.R. Daft, S.J. Lehotay, J.
cellent stability of dissolved pesticides, medium polarity AOAC Int. 85 (2002) 1177.

(good solubility of wide range of pesticides), and very Iow [21) c.p.s. Tomlin (Ed.), The Pesticide Manual, 12th ed., The British
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for preparation and long-term storage of pesticide stock [22] Y. Akiyama, N. Yoshioka, M. Tsuji, Food Hyg. Soc. Jpn. 39 (1998)
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FAO/WHO, Rome, 1993.
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